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Nicholas J. DelRaso, PhD; Victor T. Chan, PhD; Camilla A. Mauzy, PhD; Pavel A. Shiyanov, PhD

ABSTRACT Integrated Omics research capabilities within the Air Force Research Laboratory began in 2003 with
the initiation of a Defense Technology Objective project aimed to identify biomarkers of toxicity occurring within the
warfighter as a preclinical indicator. Current methods for determining toxic exposures are not responsive enough
or created available for deployment to prevent serious health effects. Using Integrated Omics (Genomics/Epigenetics,
Proteomics, and Metabonomics) for biomarker discovery, we have identified specific molecular markers which, once
validated, could be used for real-time or near-real-time monitoring of the human response to uncharacterized exposures.
The determination and use of validated biomarker sets, when installed on a fieldable biomonitor system, could allow
fast determination of subclinical organ damage in response to chemical exposures. Since initiation of this program, our
group has applied Omiics technologies for biomarker discovery in a number of toxicology and human performance projects,

including jet fuel exposures and cognitive fatigue.

INTRODUCTION

One of the goals of Air Force Research Laboratory (AFRL) is the
development of new methods to assess warfighter performance
by using advanced biotechnologies that could provide near-real-
time detection of early State changes in health and performance
status. As a part of this thrust, Integrated Omics research capabili-
ties (genoruics, proteornics, and metabonomics) within the Air
Force began in 2003 with the initiation of a Defense Technol-
ogy Objective (DTO) project. The research project (MD.34
Biotechnology for Near-Real-Time Predictive Toxicology)
aimed to identify biomarkers of toxicity occurring within the
warfighter as a preclinical indicator. The DTO was primarily
generated in response to unexplained physical symptoms
experienced by deployed military personnel during Operation
Desert Storm in 1990. As a result of concern regarding these
symptoms, the National Science and Technology Council Presi-
dential Directive 5 was issued in 1998, and focused on deploy-
ment health preparedness, This was followed by the Defense
Intelligence Report DI-1816-8-99 (Medicat Intelligence Assess-
ment of Deployment Environmentat Health Risks) in 1999,

The Defense Intelligence report stated “Personnel deployed
in support of missions ranging from war to operations other
than war may be exposed to harmful chemicals as a result of
industrial accidents, sabotage, or the intentional or unintentional
actions of enemy or friendly forces.” Therefore, an increasingly
important issue in force protection will be toxicology exposure
assessment associated with chemical and materiel exposures
at uncharacterized deployed sites. Since deployed personnel
may be exposed to multiple dynamic environmental changes
at fixed sites, rapid assessment field-forward methodology
for force readiness and health monitoring will be required.
The development and application of identified biomarkers
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using the above-mentioned biotechnologies will help to iden-
tify the potential for serious injury to deployed warfighters
exposed to toxic substances and environments by enabling
identification of toxic effects within the warfighter before sig-
nificant decrement can impact mission performance. Develop-
ment of novel human markers of organ-selective exposure
and monitoring methodologies that provide real-time detec-
tion of the potential for toxic injury and institution of protec-
tive countermeasures will minimize mission degradation due
to environment-related adverse health effects (Fig. 1). This
information can provide field commanders with fast and accu-
rate toxicity information needed for force health protection
and personal protective equipment selection and site selection
decision making, thus minimizing individual deployment time
in hazardous environments.

Current methods of determining toxic exposures to the
warfighter are not adequate to prevent serious health effects or
to predict and prevent low-level exposures that could have
immediate performance or delayed health impacts. Simple
chemical analysis of the environment is not sufficient to predict
the effect of the myriad of combinations of diverse toxic sub-
stances at multiple exposure concentrations. The use of bio-
marker sets, or biosignatures, can be indicative of exposure
to very low, subtoxic concentrations of hazardous substances
before producing irreversible damage. One major challenge
will be to identify Omic changes following toxic insults in this
data-rich field of study that signify irreversible damage to
human health compared to those changes that are temporary in
nature and are resolved by the body’s natural detoxification
mechanisms without decreasing warfighter well-being and
effectiveness. A second significant challenge will be to gain the
commanders support for the collection of urine, saliva, sweat,
blood, or epithelial cells for analysis in order to identify criti-
cal health events. A third major challenge wili be identifying
field-forward subject matter experts who can coordinate the
collection, analysis, and interpretation of the biomarkers data
to permit real-time decision making.
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A tepresentative signature set of urinary proteins collected over 168 hours following exposure to a known nephrotexin. Control (top) and

dosed (bottom). Proteins analyzed: HO-1 (heme oxygenase 1), RBP4 (retinol binding protein 4}, Ybl GST (Mu glutathione-S-transferase, rat equivalent
of human y GST), TIMP-1 (tissue inhibitor of metalloproteinases-1), Kim-1 (kidney injury molecule-1), o« GST (w-glutathione-S-transferase), OPN
(osteopontin), NGAL (neutrophil gelatinase-associated lipocalin). The nephrotoxin dose effect was anchored by histopathology data indicating low-level

organ damage. Taken from Mauzy et al.!

It is widely believed that gene, protein, and metabolite
expression changes are more accurate, reliable, sensitive, and
informative as quantitative endpoints than the traditional clini-
cal chemistry toxicity endpoints. Ultimately, such efforts may
allow the identification of novel biomarkers for rapid monitoz-
ing and prediction of health hazards associated with chemical
exposure. In addition, such work will help to identify gene,

H
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protein, and metabolic pathway targets for nutritional and phar-

" maceutical prophylactics as well as therapeutic intervention.

METABONOMICS AT AFRL

Metabonomics, a component of the broader field of meta-
bolomics, is defined as “the quantitative measurement of the
time-related multiparametric metabolic response of living
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organisms to pathophysiological stimuli or genetic modifica-
tion.”> The field of metabonomics is concemed with the
study of fixed celiular and biofluid concentrations of endogenous
metabolites, as well as dynamic metabolite fluctuations, exog-
enous species, and molecules that arise from chemical rather
than enzymatic processing.” Metabonomics is an approach used
to characterize the metabolic profile of a specific tissue or
biofluid, and is an attractive approach to the study of time-
related metabolic responses to pathophysiological processes.
A metabolic pathway alteration created by toxin exposure
(or other stressor) is expressed as a “fingerprint” of biochemical
perturbations™ that is unique to the type of agent, altered struc-
ture, function, or resulting disease process (Fig. 2). These meta-
bolic alterations are often seen in the urine as changes in
metabolic profile in response to toxicity or disease as the body

attempts to maintain homeostasis by eliminating substances
from the body. Because metabolites are downstream of both’

gene transcription and enzyme activities, metabonomcs has
the potential to give a more accurate picture of the actual
physiological state of an organism.

Both nuclear magnetic resonance (NMR) and liguid chro-
matography mass spectrophotometry (LC-MS)-based meta-
bonomics are applied at AFRL. and both have shown great
promise as valuable tools for discovery of the metabolic
response to tissue injury and chemical/physical stressors. NMR
metabolic analysis using biofluids (i.e., blood, urine, saliva,
etc.) is well documented, and the principles of this approach
have been described in detail.” ™' The use of LC-MS is com-
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FIGURE 2. Metabolite biosignature of low-level kidney damage. Signifi-

cantly altered metabolites were identified using LC-MS analysis of animals
exposed to a known nephrotoxin (D-serine). Conirol amimals (1-4; solid) al?i(zi
dosed animals (5-9; hashed) responses are shown. Taken from DelRaso et al.
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plementary to data found using NMR, and is an additional tool
that enhances metaboniomics analysis for biomarker discovery.

The advantages of NMR-based metabonomics include
nondestructive analysis, applicable to intact biomaterial, and
information rich with respect to determinations of molecular
structure, especially in complex mixtures. The nonselectivity,
lack of sample bias, and reproducibility of NMR'? are of criti-
cal importance when considering toxicological screening
applications, Changes in NMR-derived urinary metabolite
levels have proven to be a sensitive indicator of chemical-
induced toxicity."®'*™? LC-MS offers the ability to detect
chemical classes not detected by NMR (ie., sulfates), and the
capability to detect lower abundance metaholites with little
sample processing.’® MS detection complements NMR anal-
ysis and enhances metabolite identification,

PROTEOMICS AT AFRL

The proteome in humans is orders of magnitude more com-
plex than the genome. Numnerous post-translational modifica-
tions combined with amino acid substitutions have been
reported for the myriad of proteins coded by the genome.
Discovering these differentially expressed protein profiles
and their corresponding post-translational modifications are
critical steps in understanding the molecular mechanisms
regulating function in both single cells, organ system as well
as in an organism. Quantitative proteomics detects minor
changes in protein and/or peptide abundance in an organism
in response to different kinds of altered states. Sample preparation
is a critical first step in any protein profiling experiment, and
both the source of the sample as well as the subsequent pro-
cessing steps are greatly dependent on the targeted biomarker
objectives of the study. Depletion of high-abundance proteins
before LC-MS/MS, especially in blood samples, is essential
to allow the ion signal of lower concentration analytes to be
detected. It is within these low-abundance protein sets that
markers are isolated, which have the highest likelihood of
biological significance.

Two-dimensional (Z2D) gel electrophoresis has been used
for over 30 years for protein separation’’ but a newer method,
called 2D difference in-gel electrophoresis, can be used to
minimize gel-to-gel variations by covalently labeling two
samples and control with 3 different fluorescent dyes before
gel separation. We have successfully used 2D difference in-gel
electrophoresis approach to identify biomarkers of nephro and
neurotoxicity.'>*° Another emerging and powerful approach
employs Beckman Coulter’s Proteome PF 2D system (Beckman
Couiter, Indianapolis, Indiana) combined with proprietary
analogs.”** PF 2D employs 2D separation using isoelectric
focusing followed by reverse-phase high-pressure liquid chro-
matography. In addition, on-line electro spray ionization (ESI)
time of flight mass spectromeltry enables further detection in a
third dimension.?

MS techniques used for protein identification can be classified
by the type of mass spectrometer being utilized (quadrupole,
time of flight, ion trap, ion cyclotron resonance etc. as well
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as hybrid instruments). Different ionization techniques are
usually used as a source and interface with the high-pressure
liquid chromatography. ESI and matrix-assisted laser desorption
ionization are the two major techniques commonly used by
researchers for protein profiling. Nano spray offers a higher
sensitivity than ESI*®*’ and has become the de facto standard
for LC-MS-based proteomics. [.C-MS-based experiments
use two main approaches, labeled and label free®® Most
of our proteormic analyses use relative and absolute quantification
(iTRAQ, TMT), which use isobaric tags and permit comparison
of up to 10 samples at the same time.?*>* After the.data are
collected, they are analyzed via different suitable software
packages for discovering protein biomarker from identified
differentially detected peptides.

GENOMICS/EPIGENETICS AT AFRL -
Toxicogenomics and epigenetics procedures are based on the
use of high-throughput DNA microarray technology that deter-
mines the cellular response by examining RNA changes on
exposure to chemicals. The AFRL Genomics Core Facility uses
the Affymetrix GeneChip Technology, established in discovery
work in 2001, and has provided technical support to many
researchers in the Department of Defense (DoD). The
initial toxicogenomics program was established to identify
“toxicogencmic fingerprints” -(i.e., the signatures of trans-
criptomic responses resulting from toxic chemical exposure) of
the chemicals of interest to the Air Force. Since gene expression
changes affect virtually all expressed genes, the genomic
approach is significantly more sensitive than traditional bio-
chemical assays or pathology techniques. Changes in RNA
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expression produce biomarkers that result from chemical expo-
sure, especially at low doses and before the onset of pathologi-
cal events. In addition, gene expression changes can provide
mechanistic insight for a better understanding of the toxic
response. This information also provides essential information
needed to prevent exposure or mitigate toxicity related to envi-
rotumental chemnical exposures.

In our experience, chemical exposure effects that are
detectable using traditional methods will generally result
in expression changes of a few hundred genes. The investigation
of the hiological significance of such complex gene expression
patterns involves a series of data mining and bioinformatics
analyses. Initially, we use pattern recognition technigues (e.g.,
hierarchical clustering analysis) to group the coregulated
genes, according to their temporal or dose response to the
environmental chemical exposure.®>® Follow-on data analyses
include use of bioinformatics tools with gene ontology and
pathway analysis (Fig. 3), which organizes genes according
to their biclogical function, permitting identification of biclogical
consequences related to gene expression changes.

Chemical exposures generally result in perturbation of a large
nurmber of pathways. To provide a systems level understanding
of chemical toxicity, we use bioinformatics tools to integrate
the gene expression changes and pathway alterations into
biological associated networks. Genomic data analysis can
identify critical pathway perturbations, and bioinformatics
analyses further reveals connection points of different pathways
and how they are affected by the chemical exposure (Fig. 4).
In addition, transcriptomic profiling allows identification
of major regulators involved in the toxic response. These
major regulators are normally presented as highly connected
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FIGURE 4. Example of a biological association network to differentially expressed genes. The connections between differentially expressed genes, genes
with no expression changes, and small molecules are shown. The highly conrected nodes are indicted by the green arrows. The network map is interactive
that the scientific evidence supporting the connections can be accessed by clicking the small boxes on the edges. Red oval: u_P-regulated genes; blue oval:
down-regutated genes; white oval: genes with no expression change, green oval: small molecules. Taken from Davidson et al.® )

nodes in the network (i.e., the hubs of the network) (Fig. 4,
green arrow). Modulating the levels of these regulators will
thus have profound effects on the behavior of the network.

Using these methodologies, we have successfully used
the transcriptomic profiling techniques to show that gene
expression changes in whole blood can serve as novel bio-
markers indicative of organ-specific damage resulting from
hepatotoxin, neurotoxin, or nephrotoxin exposure.*® These
exposures resulted in unique patterns of gene expression
detectable in whole blood. Further examination of these gene
lists revealed that 40 genes were common in all 3 chemicals.
Alterations in the expression profiles of these 40 genes can be
used as a biomarker signature for exposed animals whose
exposure type and level can be separated based on this pattern
alone. This research demonstrated that whole blood is a suit-
able for monitoring changes in gene expression for the detec-
tion of organ-specific toxicity. To elucidate the molecular
mechanisms of the toxicity of these chemicals, the gene expres-
sion changes in the target organs were used to construct path-
way maps and biological association networks (Figs. 3 and 4).
The findings of these analyses were subsequently published
in peer-reviewed journals.*’ 2

We also used this approach to investigate the molecular
mechanisms of nephrotoxicity, Kidney injury was induced
by the use of four different nephrotoxins with regional specificity,

MILITARY MEDICINE, Vol. 180, October Supplement 2015

and unique patterns of differential gene expression and pathway
perturbation were identified.”® Gene ontology and pathway
analyses revealed perturbations of specific biological processes
and pathways, which correlate with the phenotypic changes
seen in clinical chemistry and histopathology analyses.
These findings provided important insights into the molecular
mechanisms of toxicity of these nephrotoxins.

In addition to the interrogation of the transcriptome, the
AFRL Genomics Core Facility is fully capable of analyzing
a variety of mechanisms involved in the regulation of the
transcriptome, such as variances in genomic sequences (i.e.,
genetic polymorphisms), as well as DNA methylation, chromatin
changes, and post-transcriptional regulations (including mRNA
transport, processing, accessibility, and stability), collectively
known as epigenetics.

AFBL OMICS APPLICATIONS

The use of Omics technologies has expanded from its initial
use in toxicology exposure monitoring into several new
areas of human performance and protection within AFRL.
Below we describe three of the completed efforts within the
biomarker discovery group. Not all projects use an Integrated
Omics approach which, althongh encompassing and data
rich, can be expensive to execute. Biomarkers, once identified

it
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through Omics analyses, require prevalidation and validation
within animal and human cohort samples.

Exposures to Toxic Substances (DTO)

To accomplish the DTO previously described, a combination
of toxicogenomics, proteomics, and metabonomics analyses
of exposure study samples were used in the biomarker discovery
process to identify markers to organ-selective toxic effects
(i.e., alterations in gene, protein, and metabolite expression)
to specific chemical exposure(s). While not initiated in this
project, validation of biomarker/biomarker panels usually
follows the discovery phase and involves standardization of
assay procedures for analytic validity as well as full human
cohort tesl:'mg.””‘11 A biomarker signature, once validated,
could be used as a biomolecular screening tool to identify

adverse effects of hazardous exposure to military personnel -

before manifestation of significant decrement that could
impact mission perfortmance. This project examined marker
patterns in urine/blood samples from animals exposed to a
number of well-characterized nephrotoxins and hepatotoxins
at varying doses. As a result, a set of potential unigue target
orgatl biomarkers/biomolecular signatures of chemical expo-
sure were identified using urine and blood samples.'®**#*~#
These new markers, when used in conjunction with the pre-
validation of literature-based markers (Fig. 1), could provide
a fast and minimally to noninvasive method to use the host
response to quickly monitor exposure status. As seen with our
preliminary data, it may be possible to use the biosignatures not
only to evaluate status in response to exposure, but also to use the
response time of a subset of these markers to determine “when”
the exposure took place. In theory, if linked to Global Positioning
System data identifying the individual’s location these data could
also indicate “location” of exposure.

Jet Fuel/Exhaust Exposure

Due to its wide spread use, JP-8 has been recognized as the
single largest source of chemical exposure for U.S. and NATO
military personnel®®; inhalation and dermal have been shown
to represent the primary routes of exposure.*” This has resulted
in the potential for widespread occupational exposure among
military and civilian personnel that may result in toxicity to the
immune system, nervous system, and respiratory tract.*® There-
fore, a tremendous need exists to identify biomarkers predictive
of toxic insult due to exposure of volatile organic chemicals.
Metabonomics analysis offers a minimally invasive sample col-
lection, minimal sample processing, robust and stable analytical
platform, with excellent analytical and biclogical reproducibil-
ity that has the potential to identify biomarkers predictive of
hazardous flight line exposures,

We compared urine samples obtained from Japanese and
U.S. flight line personnel stationed at a number of air bases
in Japan using NMR-based metabonomics analysis to identify
potential biomarkers of exposure to JP-4 and JP-8 fuels and/or
their combustion products. Urine samples were obtained from

3
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air bases servicing F-15 and C-130 aircraft that were fueled
with JP-4 (Japanese) and JP-8 (United States). Previous studies
have indicated that naphthalene, 1-naphthol, and 2-naphthol
would be good potential biomarkers of exposure to Ip-g. -1
However, these studies were conducted using subjects who
worked in fuel tanks where exposures to JP-8 volatile organic
carbons would be high. No potential biomarkers have been
reported that would indicate exposure to [P-4. Since the
U.S. military has transitioned from JP-4 to JP-8 use in their
aircraft since 1969, it is unlikely that much research has been
conducted to monitor for exposure to JP-4.

Our NMR-based metabonomics approach to study flight
line personnel exposed to jet fuel or to its combustion products,
demonstrated observable differences in urinary metabolite
profiles that could be distinguished from unexposed controf
subjf:cts.52 Furthermore, incorporation of metadata into the
metabonomics data analysis was found to increase the dis-
criminatory power approximately 2-fold as well as predictive
accutacy. An important contributing factor appeared to be
related to the type of aircraft. Personnel working with F-15
aircraft showed greater effects on urinary metabolite profiles
than those working with C-130 aircraft, regardless of fuel
type (JP-4 or JP-8). Discriminant analysis of multivariate
data was able to classify flight line personnel from control
subjects with statistical significance {p < 0.01). Studies are
continuing to identify as many urinary metabolites as possible
that lead to group exposure classification, and may provide a
set of biomarkers predictive of jet fuel/exhaust exposure.

Cognitive Fatigue

Urine is a noninvasively collected, information-rich biofluid
that can provide insight into the metabolic state of an organ-
ism and as a result, is often a focus in metabononucs investi-
gations. Targeted profiling is a powerful tool that can drive
such studies, providing direct identification and quantifi-
cation of a variety of potential metabolite biomarkers. This
approach was demonstrated in the previous DTO work
described above, as well as in previous amimal toxicity studies
by other researchers. Statistically significant group classification
based on NMR spectral analysis has been previously shown by
Clayton et al® in a metabonomics study investigating the sus-
ceptibility of rats to acetaminophen toxicity. This work described
an alternative and conceptually new “pharmaco-metabonomic™
approach to personalizing drug treatment that used a combina-
tion of pretreatment metabolite profiling and chemometrics to
model and predict the responses of individual subjects. This
study was able to predict sensitivity/resistance to acetaminophen
toxicity in rats before exposure to the compound,

Using Clayton’s approach™ applied to human fatigue sus-
ceptibility, our preliminary results indicated that urinary metab-
olite profiles identified using NMR and LC-MS analyses wete
able to classify subjects with respect to cognitive performance
decrement during sleep deprivation-induced fatigue. Results
obtained from the cognitive fatigue study also indicated that

MILITARY MEDICINE, Vol. 180, October Supplement 2015
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FIGURE 5. Prncipal Component Analysis scores plot separation of uri-

nary metabolites from fatigue-resistant and fatigue-sensitive human subjects
as a function of sleep deprivation time. Fatigue-resistant (circles) and fatigue-
sensitive (squares) data are plotted at 0 hour {open symbols) and 28 hours
(filled symbols) of sleep deprivation. Such data indicate that metabolite sig-
natures can be used to predict future status, Taken from DelRaso et al™

baseline NMR spectral profiling of human urine and chemo-
metric analysis predicted cognitive fatigue susceptibility (Fig. 5).
A subsequent Air Force sleep deprivation study was conducted
to determine if differences in individual susceptibility to sleep
deprivation—induced fatigne could be discerned, and if bio-
markers associated with fatigue resistance/susceptibility could
be identified.

Recent advances in our laboratory’s bicinformatics tools
development for multivariate statistical analysis of NMR-based
metabonomics data has resulted in more accurate biosignature
and biomarker identification. In a recent sleep deprivation
study, bicinformatic analysis of NMR data indicated that uri-
nary metabolite profiles could discern differences in cognitive
performance of study subjects 12 hour before the cognitive test-
ing phase, and of subjects that were sleep-deprived following
28 hours of continuous wakefulness.* Furthermore, psycholog-
ical cognitive testing scores (i.e., psychomotor vigilance test
[PVT] and Automated Neuropsychological Assessment Metric-
score), with regard to classification as cognitively resistant or
sensitive to sleep deprivation—induced fatigue, were found
to correlate with urinary metabolite profiles determined at
28 hours of sleep deprivation. The PVT is the standard psycho-
logical testing method for assessing cognitive fatigue and it is
well established that peak fatigue occurs following 28 h of sleep
deprivation. The results from the NMR-based metabonomics
analysis of human urine suggest that urinary metabolite profil-
ing may also be useful as a classifier of cognitive function under
conditions of sleep deprivation—induced fatigue. Currently,
none of the fatigue detection technologies developed (e.g.,
electroencephalography, pupillometry, nultiple sleep latency
test, PVT, and Automated Neuropsychological Assessment
Metrics-core) has been adequately verified in an operational
environment, nor has it been shown that these technologies can
predict the impact of fatigue on future cognitive performance.

The results of our study demonstrated that NMR-based
metabonomics could be used in a noninvasive way to predict
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and characterize sleep deprivation—induced fatigue impact on
cognitive performance. Farthermore, our results indicated that
NMR-based metabonomics analysis of human urine identified
changes in urinary metabolite profiles that corresponded to
psychological testing scores of cognitive performance decrement
under sleep deprivation—induced fatigue. More importantly,
NMR-based metaboriomics was also capable of predicting
susceptibility to sleep deprivation—induced fatigne 12 hours
before actual testing in the 24 hour cognitive testing phase of
the study; PVT analysis failed to detect any significant differ-
ences in cognitive performance at this time point.

FUTURE OF INTEGRATED OMICS FOR DOD
TOXICOLOGY APPLICATIONS
As with most technologies, Omics technologies will not
be the “be-all and end-all” methods for addressing all issues
related to toxicity and health of our service men and women.
However, it certainly will add value in many areas of biclogical
research. Metabonomics has shown particular promise in the
area of toxicology. It is anticipated that metabonomics will
play a crucial role in the integration of the other Omics sciences
(i.e., genomics and protecmics). Because metabolites reflect
actual biochemnical events that were initiated at the genome
level, they can be used in conjunction with proteomic and
genomic data to “walk backwards” to identify what proteins
were translated and from what genes they were transcribed.
Clearly, Integrated Omics can be used in the future to address
bealth issues using various biofluid and tissue samples collected
and stored in military biological repositories. Our rescarch,
described above, has demonstrated the significant potential of
Omics to advance mechanisiic toxicological and psychological
research in the DoD. We are getting closer, but further research
is needed to realize the full potential of Omics applications in
force health protection through early detection of potential
adverse effects in military service members who are exposed
to hazardous materials or stressors before they cause a reduction
in health and operational performance decrement.
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